(Shirasaki et al., 1998) and spinal (Zou et al., 2000) comgrowth cone area ( Figure 1F ) were independent of location. We did not find consistent variations in overall missural axons change their responsiveness to guidance cues after crossing the midline, as do Drosophila growth cone shape, measured by the length-to-breadth ratio (data not shown), in contrast to previous reports commissural axons. Thus, it is conceivable that Robo2 in retinal axons might only be active after crossing the that retinal growth cones become more or less streamlined depending on location (Bovolenta and Mason, midline. Here we test this possibility.
To study retinal axon pathfinding and its control by 1987; Kaethner and Stuermer, 1992; Godement et al., 1994; Mason and Wang, 1997). Thus, wild-type growth Robo2, we conducted a detailed developmental study of retinal growth cone morphology and pathway seleccones increase in filopodial complexity at the midline without changing their overall size or shape. tion in fixed wild-type and ast embryos, complemented by in vivo time-lapse observation of growth cone behavior. Wild-type growth cones become complex and often astray Growth Cone Morphology pause near the ventral midline, and approximately oneTo test how loss of Robo2 function affects growth cone sixth of wild-type axons misroute in the ventral dienmorphology, we analyzed 73 ast growth cones. These cephalon. All of these misrouting errors are eventually were significantly more complex than wild-type (Figure corrected, with correction occurring by growth cone 1D). Importantly, this difference was observed throughcollapse and retraction. At the midline, ast growth cones out the ventral diencephalon, except for the 10 m interare less complex than wild-type, and the majority of ast val spanning the midline, where filopodial complexity pathfinding errors originate from this point. Throughout was significantly less than wild-type ( Figure 1D ). The the rest of the ventral diencephalon, however, ast growth increased complexity in ast is likely due to an increased cones are unusually large and complex, and they make number of filopodia. ast growth cones had significantly occasional pathfinding errors both before and after the more filopodia than wild-type overall ( Figure 1E ), and midline. ast axons make errors more often than wildfilopodial number varied in parallel with complexity. Intype, and these errors are rarely corrected. Comparison deed, the mean length of filopodia in ast was not signifiof belladonna (bel) homozygotes, in which the retinoteccantly different from wild-type (data not shown). ast tal projection is frequently entirely ipsilateral (Karlstrom growth cones were, on average, much larger than wildet al., 1996), with ast/bel double homozygotes shows type, and this difference was significant at several locathat even retinal growth cones that never cross the midtions ( Figure 1F ). ast growth cones were less streamlined line still require ast function to pathfind. Finally, analysis than wild-type ( Figures 1B and 1C ) and indeed their of slit2 and slit3 mRNA expression reveals that these length-to-breadth ratio was significantly lower than wildcandidate ligands are expressed in domains adjacent type overall (data not shown). to the retinal pathway in the ventral diencephalon during Of the 73 ast growth cones analyzed, 31 were clearly the period of retinal axon outgrowth. Taken together, displaced from the normal retinal axon pathway, comthese data show that wild-type retinal axons make pathpared to 28 that were clearly on the correct pathway finding errors but correct them, and that ast/robo2 is (and 14 which were indeterminate). Thus, it was conceivinvolved in both processes. Further, ast/robo2 does not able that their abnormal morphology was was a secondregulate the midline crossing of retinal axons, but inary effect of the abnormal environment encountered stead determines the position of their pathway within after misrouting. Figure 1A ). We injected DiI intraocularly at 32-38 hr postfertilization (hpf), when the leading retinal growth type and ast, quantifying the frequency of misrouted axons in fixed embryos at 36, 42, 48, and 72 hpf. At cones are in the ventral diencephalon (Stuermer, 1988; Burrill and Easter, 1994) , and used high resolution confo-36 hpf, the earliest axons have extended across the ventral diencephalon, and by 48 hpf they have reached cal microscopy to quantify their length and number of filopodia, area, and overall shape. For analysis, growth the contralateral optic tectum (Stuermer, 1988) . Pathfinding errors were defined as instances in which a cones were grouped in 10 m intervals by position relative to the midline. Summed filopodial length was used growth cone strayed at least 10 m, measured orthogonally, off the normal pathway. As wild-type axons exhibas a measure of filopodial complexity. Complexity varied significantly with location, being highest at the midline ited slight variations in their precise courses, we defined the normal pathway as that taken by axons that had and in the subsequent 10 m interval ( Figure 1D ). The mean number of filopodia also varied significantly and crossed the ventral diencephalon and were on course for the contralateral tectum. Using these "on-pathway" was highest at the midline ( Figure 1E ). In contrast, both mean filopodial length (data not shown) and mean axons as our reference precluded detection of errors in Figure 1A) , extended rostrally for a short distance, ast growth cones often deviated from the normal paththen turned medially, back toward the midline. At the way, extending in many directions as seen in fixed emmidline (3 in Figure 1A ), they turned slightly caudally and bryos (e.g., Figure 5 ). ast errors were qualitatively similar then crossed. They then turned dorsally 10-20 m after to the small-scale errors seen in wild-type. However, the midline (between 3 and 4 in Figure 1A ) and continued 53% of ast growth cones (9 of 17) misrouted during dorsocaudally toward the contralateral optic tectum. observation ( Figure 6A ), significantly more than wildThe Z shape traced by an early axon is apparent at 195Ј type ( In wild-type at 5 dpf, all axons cross in the optic chiasm to project contralaterally ( Figures 6A and 6B) . In ast, in some ast embryos, most errors are not corrected. Interestingly, the growth rates of ast growth cones that virtually all axons cross the ventral midline, but while some axons project correctly to the contralateral tecwere on the pathway did not differ significantly from wild-type at any location or overall ( Figure 1G ). Together tum, many others misroute ( Figure 6C ). In bel (Karlstrom et al., 1996), axons often turn before reaching the chiasm with our results from fixed embryos, these results show that Robo2 signaling in wild-type acts both to prevent and form a projection that is completely normal except for being ipsilateral rather than contralateral ( Figure 6D ). retinal axons from leaving the normal pathway, and to redirect those that do.
This ipsilateral phenotype is roughly 50% penetrant (data not shown). The distribution of wild-type, ast, and bel phenotypes from an ast/ϩ;bel/ϩ incross fits well Robo2 Function in the Absence of Midline Crossing to predicted frequencies (data not shown), but a small fraction of embryos exhibit a phenotype that is a combiThe morphological changes and pathfinding errors seen in fixed embryos imply that ast is required by retinal nation of ast and bel. Specifically, retinal axons fail to cross the chiasm, but instead of projecting to the ipsilataxons both before and after crossing the midline. This contrasts with Drosophila, in which commissural axons eral tectum as in bel, they exhibit an "ipsilateral ast" phenotype in which many axons deviate from the pathonly express Roundabout and thus become sensitive to Slit repulsion after crossing the midline. To confirm way en route to the ipsilateral tectum ( Figure 6E) . They cross the midline at locations other than the chiasm, that ast function in retinal axons does not require prior contact with the midline, we used a genetic approach.
but such abnormal crossing is typical of ast. This pheno- (Figure 7) . At 36 hpf, slit2 is expressed in the eye and optic stalks, similar to the expression in its ligand(s) should be distributed accordingly. Therefore, we used whole-mount in situ hybridization to anarodents ( Figures 7A and 7B ). In the ventral forebrain, (Figet al., 1992) ; therefore, the discovery that one-sixth of wild-type growth cones make pathfinding errors was ure 7B). slit3 is expressed in two bands in the ventral forebrain: first, in the rostral and caudal margins of the unexpected. As similar errors were also observed in fixed embryos, they are very unlikely to be an artifact optic recess, and second, in a patch caudal to the POC (Figures 7C and 7D) . Since retinal axons course along of time-lapse imaging. In addition to the contralateral tectum, zebrafish RGC axons also normally project to the rostral edge of the POC, they do not appear to cross any domains of Slit mRNA expression, with the possible several arborization fields that lie in the ventral diencephalon, dorsal to the optic tract (Burrill and Easter, exception of a patch of low-level slit3 just at the midline. While definitive confirmation of Slit expression will re-1994). However, the majority of errors we observed occurred much earlier than the projections to these fields quire development of appropriate antibodies, this in situ analysis suggests that zebrafish Slits are expressed in arise, and the wild-type errors eventually disappeared. Therefore, the wild-type errors are unlikely to be projecbands that roughly parallel the retinal pathway.
eventually broadens and collapses (closed arrowhead, 195Ј). The growth cone fills the ipsilaterally directed filopodium and projects into the ipsilateral optic tract (closed arrowhead, 225Ј). A second growth cone (open arrowhead, 90Ј) extends along the first axon until the midline (165Ј), whence it projects normally into the contralateral optic tract (open arrowheads, 210Ј and 240Ј). (See also Supplemental
tions to normal arborization fields. Thus, the high degree of accuracy of the mature retinotectal projection is at Discussion least partly due to correction of errors that arise at a low rate during normal development.
Wild-Type Growth Cones Make and Correct Pathfinding Errors
The second class of errors we observed, transient ipsilateral projections, are similar to the rare ipsilateral Growth cone navigation during normal development has generally been described as predictable and faithful projections in Xenopus (Sakaguchi and Murphey, 1985 Several observations suggest that the midline is indeed when the ipsilateral projections disappear, so these proa critical point for retinal axon guidance. Wild-type jections may also be pruned by activity-dependent growth cones slow and become complex at the midline, mechanisms.
and ast growth cones have altered morphology and make most of their pathfinding errors there. However, in ast, abnormal growth cone morphology and pathfinding Robo2 Is Required for Preventing and Correcting Errors errors occur throughout the pathway, both before and after the midline. These data, combined with evidence Errors made by ast retinal axons were not only far more frequent than wild-type, but were also rarely corrected.
that Robo2 does function in a bel background, demonstrate that in the zebrafish retinotectal system, Robo2 This combination likely accounts for the severity of the retinotectal phenotype observed at later stages. It is is not only functional but required in growth cones prior to reaching the midline. This contrasts with Robo in interesting to compare our results to observations of wild-type and robo growth cones in Drosophila (Murray Drosophila, whose expression in commissural axons is low during midline crossing and upregulated afterwards and Whitington, 1999). Filopodia of the RP2 motoneuron explore their environment continuously, occasionally (Kidd et al., 1998b) . ast is more similar to mutations in the C. elegans Robo homolog sax-3 and its ligand slit, making contact with the midline. Wild-type filopodia always retract after midline contact, and consequently which cause defects not only in midline crossing, but also in dorsal-ventral and anterior-posterior pathfinding RP2 projects ipsilaterally. In robo, RP2 filopodia do not retract upon contacting the midline, and the growth cone temperature was maintained between 28.5Њ and 30.5ЊC using a heated stage. Time-lapse imaging was performed using confocal microscopy as described above. Z series were obtained at 1.5-, 2-, Experimental Procedures or 3 min intervals until the growth cones extended beyond the region of interest. Z series were projected and movies compiled using Embryos ImageJ, then transferred into NIH Image (http://rsb.info.nih. All embryos were raised at 28.5ЊC unless otherwise noted. Wildgov/nih-image/) for alignment of frames and for measurements. type embryos were from the TL, Tü bingen, or WIK L11 strains. No Length was measured along the axon from an arbitrary reference differences in growth cone morphology or pathfinding behavior were point to the most distal edge of the growth cone, excluding filopodia. observed between these strains. ast mutants are adult viable and Location was defined as the distance, measured orthogonally, from fertile, so ast embryos were generated by crossing adults homozythe midline, which was clearly evident using DIC optics. Growth gous for the ti272z allele ( DAB, and developed by adding 0.001% hydrogen peroxide. water immersion objective was used to capture two images: one at low zoom to determine the exact location of the growth cone relative
